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It is widely believed that calorie restriction (CR) can
extend the lifespan of model organisms and protect
against aging-related diseases. A potential CR mimetic
is resveratrol, which may have beneficial effects against
numerous diseases such as type 2 diabetes, cardiovas-
cular diseases, and cancer in tissue culture and animal
models. However, resveratrol in its current form is not
ideal as therapy, because even at very high doses it has
modest efficacy and many downstream effects. Identify-
ing the cellular targets responsible for the effects of
resveratrol and developing target-specific therapies will
be helpful in increasing the efficacy of this drug without
increasing its potential adverse effects. A recent discov-
ery suggests that the metabolic effects of resveratrol
may be mediated by inhibiting cAMP phosphodies-
terases (PDEs), particularly PDE4. Here, we review the
current literature on the metabolic and cardiovascular
effects of resveratrol and attempt to shed light on the
controversies surrounding its action.

Calorie restriction and lifespan

It is said that in the 16th century, conquistador Juan Ponce
de Leon searched for the fountain of youth in what is now
Florida. Although he may not have been successful in this
endeavor, our scientificunderstanding of aging, and possible
strategies to extend lifespan, have increased dramatically
over the past decade (Box 1). The most robust means of
extending lifespan in mammals is CR, which typically
involves reducing caloric intake by 30—40% while maintain-
ing adequate nutrition [1]. CR not only extends the lifespan
of a wide range of animals, but also protects against many
aging-related diseases such as type 2 diabetes, cardiovascu-
lar diseases, cancer and neurodegeneration in rodents. More
importantly, studies with rhesus monkeys indicate that
long-term CR also decreases aging-related mortality and
diseases in non-human primates [2]. However, it is not
known whether CR delays the aging process in monkeys,
because experimental animals have not yet reached their
maximal lifespan. Despite these demonstrated benefits, CR
is difficult to maintain for long periods in humans from
western countries. Resveratrol [3], a polyphenol that is
produced in plants in response to stress and is present in
many plant-based foods, has demonstrated properties that
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mimic CR (Figure 1). This review highlights the biological
functions of resveratrol and its implications for treatment of
aging-related diseases.

Controversy regarding the role of Sirt1 in longevity
Increased dosage of Sir2, a protein deacetylase that utilizes
NAD" as a cofactor, extends replicative lifespan in yeast
[4]. Early reports suggested that CR-induced longevity in
yeast [5], worms [6], and flies [7] is Sir2-dependent. How-
ever, subsequent studies have challenged the hypothesis
that Sir2 mediates CR-mediated longevity. Sir2-null yeast
respond to CR if an additional mutation (fobl) is intro-
duced into it [8]. Moreover, when the genetic background
was standardized and appropriate controls were used, CR-
mediated extension of lifespan in both Caenorhabditis
elegans and Drosophila was Sir2- independent, and over-
expression of Sir2 increased lifespan in these organisms
only modestly, if at all [9,10]. Increased dosage of Sirt1, the
mammalian ortholog closest to Sir2, does not increase
lifespan but improves healthy aging in mice [11].

Discovery of resveratrol as a potential CR mimetic

With the premise that activating Sirtl may improve
healthy aging, small molecule activators of Sirtl were
identified. In the initial screen, resveratrol was found to
be the most potent Sirtl activator [12]. The effect of
resveratrol on the lifespan of lower eukaryotes is contro-
versial; some studies have reported that it extends lifespan
in a Sir2-dependent manner [12,13], whereas others report
that resveratrol does not affect lifespan [14,15]. In Notho-
branchius furzeri, a short-lived species of fish, resveratrol
extends lifespan and delays cognitive decline [16]. In mice,
long-term administration of resveratrol induces gene ex-
pression patterns that resemble those induced by CR and
delays aging-related deterioration, but does not extend
lifespan when the mice are fed a regular diet [17,18].
Resveratrol does not mimic all aspects of CR, such as
decreases in heart rate and core body temperature [19].
In fact, resveratrol increases metabolic rate and fasting
body temperature in mice fed a high-fat diet [20,21].

Resveratrol has antidiabetic effects in mice and humans
In mice fed a high-fat diet, resveratrol protects against
obesity, type 2 diabetes, and premature death [20,22,23].
One of the most striking effects of resveratrol is induction
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Box 1. Genetic models of whole-body Sirt1 gain of function

Although Sirt1 overexpression studies in tissue culture cells and
transgenic mice overexpressing Sirt1 in a tissue-specific fashion
provide valuable insight regarding Sirt1 activity, genetic models of
whole-body Sirt1 gain of function are best suited to evaluating the
physiological effect of activating Sirt1 with a small molecule. Three
such models have been generated thus far. Transgenic mice in which
additional copies of the Sirt1 transgene are expressed from its own
promoter have been reported by two independent groups [11,84,94].
These transgenic mice, which have physiological patterns of Sirt1
expression, are more insulin sensitive partly due to increased
adiponectin levels and decreased hepatic steatosis in obese mice.
They also have a lower incidence of certain types of tumors and
higher bone density. However, they are also more prone to develop
atherosclerosis while on a pro-atherogenic diet [95]. Surprisingly,
transgenic mice [84] that are congenic in C57BL6/J background have a
reduced metabolic rate and body temperature on a regular diet and
have the same amount of fat despite eating less than control mice. In
Sirt1 knock-in mice [96], the Sirt1 gene was inserted into the B-actin
locus. Unlike the transgenic mice, the knock-in mice had less fat and
were more insulin sensitive. One caveat with the knock-in mice is that
Sirt1 was overexpressed in fat but not in muscle or liver. It is possible
that overexpression of Sirt1 from the B-actin locus impaired adipocyte
differentiation during development [97].

of genes important for mitochondrial function, such as
PGC-1a, a master regulator of mitochondrial biogenesis,
leading to an increase in mitochondrial content and func-
tion as well as an increase in physical endurance
[20,22,23]. Several clinical trials have been conducted to
study the metabolic effects of resveratrol [24-26]. Although
these trials have used different subject groups (e.g., obese
healthy, type 2 diabetics or older adults with glucose
intolerance) and different resveratrol doses (150 mg to
2 g per day), they suggest that resveratrol may improve
insulin sensitivity and mimic aspects of CR. However, the
therapeutic potential of resveratrol is diminished by the
fact that it has only modest efficacy and that it has a very
promiscuous target profile [27]. For chronic diseases that
require lifelong treatment, such as type 2 diabetes or other
aging-related diseases, lead compounds with pleiotropic
effects and/or targets are difficult to optimize, with regard
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Figure 1. Resveratrol protects against a wide range of aging-related diseases.
Resveratrol blocks pathological processes that contribute to aging-related diseases
such as type 2 diabetes, cardiovascular diseases, and neurodegenerative diseases
including Alzheimer’s diseases.
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to both increasing efficacy and reducing adverse effects.
Therefore, in order to translate resveratrol biology into
clinical application, it will be helpful to identify the cellular
targets of resveratrol that mediate the desired effects and
develop therapies specific for those targets.

Resveratrol improves mitochondrial function and
glucose tolerance in an AMPK-dependent manner
Subsequent to the report that resveratrol is a direct Sirt1
activator [12], it was discovered that the results of the in
vitro screen might have been an artifact derived from the
use of a fluorescent substrate [27-30]. The Sirt1 dependen-
cy of some resveratrol effects [20,31,32] suggested that
resveratrol may indirectly activate Sirtl as a downstream
event of some unknown pathway.

Evidence is mounting that a key mediator of the meta-
bolic effects of resveratrol may be the fuel-sensing AMP-
activated kinase (AMPK), which is activated by conditions
that increase AMP/ATP and ADP/ATP ratios such as
physical exercise, ischemia, and glucose deprivation [33].
AMPK activity is increased by CR [34,35] or the antidia-
betic drug metformin [36]. Resveratrol indirectly activates
AMPK [23,37,38], and activation of AMPK by other means
has been shown to reduce fat accumulation and increase
glucose tolerance, insulin sensitivity, mitochondrial bio-
genesis, and physical endurance [33].

AMPK activity requires one of at least two AMPK
kinases: LKB1 or calcium/calmodulin-dependent kinase
kinase B (CamKKp), which phosphorylate T172 in the T-
loop of AMPK [33]. Activation of AMPK via energy deple-
tion is thought to be dependent on LKB1 and activation of
AMPK via increased intracellular Ca®* is dependent on
CamKKp [33]. Resveratrol-induced activation of AMPK
provides a plausible mechanism for how resveratrol could
activate Sirtl indirectly, because AMPK is known to in-
crease the NAD™ level, which promotes the deacetylation of
Sirtl substrates [22,39-41]. This hypothesis is strength-
ened by the observation that AMPK is required for resver-
atrol to produce metabolic benefits such as increased
metabolic rate and protection against diet-induced obesity
and type 2 diabetes, and to increase NAD" levels and
deacetylation of Sirtl substrates [22,41].

Resveratrol activates AMPK by inhibiting PDEs and
increasing cAMP signaling

How does resveratrol, at a physiologically relevant concen-
tration (low micromolar range), activate AMPK, [42]? One
obvious possibility is that it may decrease ATP. Indeed,
resveratrol is a known inhibitor of the F1F0-ATPase/ATP
synthase [43]. Resveratrol has been shown to decrease
intracellular ATP levels and activate AMPK in an AMP/
ATP ratio-dependent manner, but this has been demon-
strated only at high concentrations (100-300 uM) [44].
There is no consensus regarding this effect over a lower
concentration range. One study found that resveratrol
decreases ATP at 50 uM but not at 25 pM [45], whereas
others found that resveratrol at 40—100 uM does not de-
crease ATP [46,47] (Park et al., unpublished). These incon-
sistencies among the groups may be due to differences in
cell type and/or condition. Resveratrol, at both low and
high doses, does not change ATP or AMP levels in mouse
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tissues [45] and can activate AMPK at concentrations of
less than 10 uM [37,48,49], at which there is no evidence of
changes in nucleotide concentrations. However, the possi-
bility that resveratrol can transiently change nucleotide
concentrations thereby contributing to its overall activa-
tion of AMPK cannot be excluded.

Because resveratrol mimics some aspects of CR, it is
possible that CR and resveratrol trigger similar pathways.
Fasting and exercise release glucagon and catecholamines,
which stimulate adenylylate cyclases (ACs) and cAMP
production (Figure 2). Indeed, resveratrol increases cAMP
levels in myotubes at concentrations of less than 10 pM
[21], which corresponds to the concentration range effec-
tive for AMPK activation. In most cells, intracellular cAMP
signaling is mediated by two groups of effectors that bind
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and Epac2 [50]. The role of the two cAMP effectors in
resveratrol action depends on the cell type and the condi-
tions used. In HeLa cells, which do not express LKBI,
resveratrol activates AMPK in an entirely Epacl-dependent
manner [21]. Epacl increases intracellular Ca" levels and
activates the CaMKKB—-AMPK pathway via phospholipase
C and the ryanodine receptor Ca®*-release channel. In
myotubes, which express both LKB1 and CaMKKR, the
Epacl1-CaMKKB pathway is required for resveratrol to
fully activate AMPK. In these cells, a role of PKA in
resveratrol-mediated AMPK activation is also likely, but
may be more complicated. PKA is known to stabilize and
increase the activity of LKB1 by phosphorylating S431 [51].
However, S431 is not required for the ability of LKB1
to activate AMPK when LKB1 is overexpressed [52]

and it has been shown that PKA inhibits AMPK in
adipocytes [53].
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Figure 2. Resveratrol mimics calorie restriction by inhibiting cAMP phosphodiesterases (PDEs). Food deprivation and exercise increase the levels of glucagon and
catecholamines, which bind to their receptors and increase cAMP production by activating adenylate cyclase. Resveratrol increases cAMP levels, not by increasing cAMP
production, but by inhibiting cAMP PDEs, which hydrolyze cAMP to AMP. Protein kinase A (PKA) and Epac, two effectors of cAMP signaling, activate parallel pathways that
lead to AMP-activated kinase (AMPK) activation. In addition, exercise can increase AMPK activity in skeletal muscle via a decrease in ATP and also via contraction-
associated Ca®* release (not shown). Transcription factor CREB (cAMP response element binding protein), which is activated by PKA phosphorylation, induces transcription
of PGC-1a [98] and Sirt1 [99], which are two important mediators of the beneficial effects of resveratrol on mitochondrial function. In addition to improving mitochondrial
function, activation of AMPK decreases glucose production in the liver and increases glucose uptake in peripheral tissues such as skeletal muscle. Although PKA signaling
increases hepatic glucose production, it also inhibits SREBP-1c and, as a result, inhibits synthesis of triglyceride and development of hepatic steatosis, which may have a
dominant effect on insulin sensitivity in the obese state. This may explain why the metabolic benefits of resveratrol are largely limited to animals fed a high-fat diet.
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Resveratrol is a cAMP phosphodiesterase inhibitor
Intracellular levels of cAMP are determined by the activi-
ties of adenyl cyclases (ACs) and cyclic nucleotide PDEs
[54], which hydrolyze cAMP or ¢cGMP to AMP or GMP,
respectively. Resveratrol has no effect on AC activity, but
inhibits the activity of PDE1, PDE3, and PDE4 but not
PDE2 or PDE5 [21]. The effect of resveratrol on the
remaining six PDE family members is unknown. Photo-
affinity crosslinking and analysis of the kinetics of cAMP
hydrolysis indicate that resveratrol inhibits PDEs by bind-
ing to the catalytic site and competing with cAMP [21].
In myotubes, PDE4 constitutes most of the cAMP PDE
activity [21]. Genetic evidence that resveratrol activates
AMPK by inhibiting PDEs comes from the observation that
in myotubes expressing an inhibitor-resistant mutant
PDE4, resveratrol does not activate AMPK [21]. If the
metabolic effects of resveratrol are mediated by PDE inhi-
bition, PDE4 inhibitors should replicate the metabolic
effects of resveratrol in skeletal muscle. Indeed, the
PDE4-specific inhibitor rolipram activates AMPK and
increases mitochondrial biogenesis and function in skeletal
muscle and improves physical endurance [21]. In mice fed a
high-fat diet, rolipram increases metabolic rate, protects
against obesity, and improves glucose tolerance [21].

Metabolic effects of PDE inhibition

Other studies using PDE inhibitors and PDE knockout
(KO) mice also illustrate the metabolic benefits of PDE
inhibition. PDE3 and PDE4 inhibitors apparently affect
distinct cAMP pools that control activation of AMPK in
rodent adipocytes [55] and increase insulin secretion from
rat pancreatic islets and cultured INS-1 rat insulinoma
cells [56]. Pancreatic B-cell PDE3B is an important regu-
lator of Ca®*- and cAMP-stimulated exocytosis of insulin
[57], and in pancreatic islets from wild-type (WT) and
PDE3B KO mice, glucose, alone or in combination with
GLP-1 (Glucagon-like peptide-1), increased insulin secre-
tion to a greater extent from KO islets than from WT islets
[58]. Rolipram increases plasma GLP-1 [21] and enhances
glucose-induced release of GLP-1 from GLP-1-producing
GLUTag cells [569]. Compared with WT littermates,
PDE4B KO mice are leaner, and have smaller fat pads
and adipocytes and decreased serum leptin levels [60]. On
a high-fat diet, KO mice exhibit increased serum adipo-
nectin, with reduced TNF-a expression and reduced mac-
rophage infiltration in white adipose tissue (WAT).
Moreover, PDE4 inhibitors are potent anti-inflammatory
agents [61]. Although the mechanisms are not entirely
clear, the anti-inflammatory effect of PDE4 inhibition may
be related to the ability of cAMP-induced signals to inter-
fere with the function of the proinflammatory transcription
factor nuclear factor-B.[62] Given the current concept
that obesity and type 2 diabetes reflect chronic systemic
inflammation [63], these results, taken together, suggest
that, by inhibiting PDE4, resveratrol may produce meta-
bolic benefits partly by suppressing inflammation in WAT.

Cardiovascular benefits of resveratrol

The leading cause of mortality in individuals with type 2
diabetes is cardiovascular disease. Independent of its
antidiabetic effects, there is extensive literature on the
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protective effects of resveratrol against cardiovascular
diseases [64] (Figure 3). For example, in patients with
existing coronary heart disease, acute resveratrol supple-
mentation improves flow-mediated vasodilation, and
chronic treatment of patients with resveratrol has been
shown to reduce blood pressure [65]. Although the effects of
resveratrol may be multifactorial, preclinical work has
shown that resveratrol stimulates endothelium-dependent
relaxation [66,67] by promoting the bioavailability of nitric
oxide (NO) to cause vasodilation as well as by reducing
expression of molecules that promote vasoconstriction.
However, it is unknown whether the AMPK-mediated
vasodilation is due to the well-established fact that AMPK
can directly phosphorylate and activate endothelial nitric
oxide synthase (eNOS) to increase NO production or
whether other mediators such as PKA are involved. How-
ever, inhibition of AMPK prevents resveratrol-mediated
improvements in endothelium-dependent vasodilation in
aortic rings [67], suggesting that AMPK is critical for the
ability of resveratrol to increase vasodilation.

In addition to preventing cardiac hypertrophy by reduc-
ing hemodynamic load [64], there is evidence that resvera-
trol can act directly on cardiomyocytes to lessen
hypertrophic growth [68], even in the presence of hyperten-
sion [69]. Although resveratrol has been shown to inhibit
cardiac hypertrophy via AMPK [68], others have shown that
resveratrol prevented left ventricular hypertrophy (LVH) in
mice fed a diet high in fat and sucrose; this effect was AMPK
independent and may have been direct or secondary to the
resolution of metabolic abnormalities in these mice [70].

Resveratrol also improves post-ischemic functional re-
covery [66] and reduces myocardial infarct size in model
systems [71]. Similarly, resveratrol reduced infarct size
and improved cardiac function along with decreasing the
incidence of ventricular arrhythmias in rats subjected to
permanent left anterior descending artery occlusion in vivo
[72]. Moreover, in rat models of both type 1 and type 2
diabetes, resveratrol significantly improved cardiac
function during reperfusion following ischemia in ex vivo
perfused hearts [73,74].

Although considerable research effort has gone into
defining the precise mechanism of action of resveratrol
on the cardiovascular system in various disease states, the
effects of resveratrol are likely to be pleiotropic and multi-
ple cellular changes in various organs may be involved.
Nevertheless, these findings indicate that resveratrol may
be beneficial for a diverse array of cardiovascular diseases.

Does resveratrol activate Sirt1 in vivo?

Resveratrol does not activate Sirtl against native sub-
strates in vitro, but it is generally believed that it increases
Sirtl activity above its basal level in vivo. However, this
notion is based solely on the observation that, in cells treated
with resveratrol, Sirtl substrates are less acetylated
[12,20]. The acetylation state of any protein is determined
not only by the rate of deacetylation (e.g., by Sirt1), but also
by the rate of acetylation by an acetyl transferase such as
p300 [75]. However, because p300 is also inhibited by AMPK
[76], it is possible that resveratrol decreases acetylation
of Sirtl substrates, at least in part or even entirely in
some contexts, by decreasing acetylation rather than
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Figure 3. Cardiovascular effects of resveratrol. Resveratrol and/or Sirt1/AMP-activated kinase (AMPK) activation and/or phosphodiesterase (PDE) inhibition have been
shown to improve vascular function and reduce hypertension via increased nitric oxide (NO) production, reduced atherosclerosis, decreased oxidative stress, and reduced
apoptosis. Decreased oxidative stress and reduced apoptosis also play a role in blunting cardiac hypertrophy and preventing heart failure. Resveratrol also lessens the
severity of these cardiac syndromes by reducing activation of nuclear factor of activated T cells (NFAT)-mediated and increasing oxidative metabolism. Resveratrol and/or
Sirt1 activation has also been shown to reduce ischemia/reperfusion injury by inducing angiogenesis, increasing NO production, and decreasing oxidative stress.

by increasing Sirtl-mediated deacetylation (Figure 4). The
observation that the effects of resveratrol are diminished in
Sirt1 KO or knock-down models [3] may indicate that Sirt1
basal activity plays an important role in the effects of
resveratrol, not necessarily thatitis activated by resveratrol
(Figure 2). Developing a direct marker of Sirt1 activity will
be required to answer this question.

AMPK-Sirt1 hierarchy

Numerous groups have shown that the metabolic effects of
resveratrol, including deacetylation of Sirtl substrates, do
not occur in AMPK-deficient cells or mice, indicating that
AMPK is upstream of Sirtl [22,41,45]. It is generally
assumed that AMPK increases Sirtl activity [39,40], but
the mechanism is unclear. Although NAD* levels rise in
response to resveratrol in an AMPK-dependent manner
[22,41], this is relevant to Sirtl activity only if the NAD™*
level in the basal state is rate limiting for Sirtl activity,
and this has not been proven. Another manner by which
AMPK may activate Sirtl is by AMPK-dependent dissoci-
ation of Sirtl from its inhibitor DBC1 [77].

The role of Sirtl in the action of resveratrol has
been difficult to study due to the severe developmental
abnormalities and early death of germline Sirt1 KO mice
[78,79]. To circumvent these problems, adult-inducible
Sirtl KO mice that exhibit efficient deletion of Sirtl in
various tissues were generated [45]. Studies with
these mice showed that, with low-dose resveratrol

(25-30 mg/kg/day), the increase in mitochondrial content
and function in obese mice is Sirt1 dependent, but with high
dose resveratrol (215-230 mg/kg/day) it is Sirtl indepen-
dent. Activation of AMPK with low-dose resveratrol is Sirt1
dependent, but with high-dose resveratrol it is Sirt1-inde-
pendent [45]. Based on these findings, it has been proposed
that, at low dose, Sirt1 is upstream of AMPK and activates
AMPK in a feed-forward fashion, possibly by deacetylating
LKB1 [45,80,81]. Indeed, it has been reported that resvera-
trol does not activate AMPK in LKB1-deficient mouse em-
bryo fibroblasts [68] or in HeLa cells, which are LKB1
deficient [81]. However, others have shown that LKB1 is
not always required for resveratrol to activate AMPK, be-
cause resveratrol increases Ca®" and activates AMPK via
CaMKKR in HeLa cells, even at a low dose (10 uM) [21,47].
In addition, resveratrol activates AMPK in Sirt1 KO mouse
embryo fibroblasts [22]. These discrepancies may be due to
differences in cell type or condition before resveratrol treat-
ment. Immortalized cell lines, particularly if they have been
in a confluent state, often have high basal AMPK activity
and/or fail to respond to moderate doses of resveratrol.
Synchronizing cells with 0.2% fetal calf serum overnight
before addition of resveratrol often improves sensitivity to
resveratrol [21].

Basal Sirtl activity may also play a role in AMPK
activation without being upstream of AMPK in the resver-
atrol response. Because Sirtl is an inhibitor of p300 [82]
and p300 is an AMPK inhibitor [83], AMPK may be in a

5



TICB-892; No. of Pages 9

Trends in Cell Biology xxx xxxx, Vol. xxx, No. x

(a) (b)

—— w——

Resv Resv
\4
cAMP cAMP.
\J
Resv LKB1/CamKKp LKB1/CamKKp
3 \ \
' pBc1  —— AwmPK + r G
G
WO V
Y L2EZ1T 270
Sirtl < i asa
itl <75 AmMPK Sirti ——| p300 Sirtd —] p300
Ac Ac { Ac \ {

T w—

(c)

" m—

TRENDS in Cell Biology

Figure 4. Understanding how resveratrol regulates AMP-activated kinase (AMPK) and Sirt1. The acetylation state of a Sirt1 substrate is determined not only by Sirt1 but also
by acetyl transferases such as p300. Sirt1, p300, and AMPK regulate each other, making knock-down or knockout approaches difficult to interpret. (a) A model in which
resveratrol activates Sirt1 before AMPK. (b) A model in which resveratrol activates Sirt1 via AMPK. (¢) A model in which resveratrol activates AMPK but does not activate

Sirt1. In this model, basal Sirt1 activity is still required for resveratrol to have an effect.

suppressed state in Sirtl KO cells. Sirtl may also play a
role in AMPK activity in a more indirect manner. For
example, Sirtl regulates secretion of AMPK-activating
adipokines such as adiponectin [84], leading to the
possibility that Sirtl KO cells may have altered tissue
crosstalk that regulates AMPK activity. Additional work
will be required to determine the significance of the
dose- dependent effect of resveratrol on AMPK activity.

The antidiabetic effect of resveratrol is AMPK
dependent but Sirt1 independent

One of the primary indications for resveratrol is type 2
diabetes. Although overexpression of Sirtl is known to
improve glucose tolerance, the antidiabetic effect of resver-
atrol is AMPK dependent [22] but Sirtl-independent [45]
(Figure 5). Another primary indication for resveratrol is
fatty liver [23], a condition that is associated with obesity
and can lead to cirrhosis. Here again, overexpression of
Sirt1 is known to lower hepatic triglyceride, but resvera-
trol-induced reduction in hepatic triglyceride is Sirt1 inde-
pendent [45]. These observations indicate that Sirtl and
resveratrol may act in a parallel but independent manner
for these indications (Figure 5). The observation that the
glucose-lowering effect of resveratrol is Sirt1 independent
even though the mitochondrial effects are Sirt1 dependent
reflects the conflicted relationship between type 2 diabetes
and skeletal muscle mitochondrial function [85]. Increas-
ing mitochondrial function by overexpressing PGC-la in
skeletal muscle paradoxically worsens glucose tolerance in
young obese mice [86], but improves glucose tolerance in
old mice [87].
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Intracellular concentration of resveratrol

One conundrum in the biology of resveratrol is that the in
vitro concentration of resveratrol required for its diverse
array of effects is 5-50 pM, yet the serum concentration of
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Figure 5. Proposed model of AMP-activated kinase (AMPK) dependence and Sirt1
independence of the antidiabetic effects of resveratrol. Resveratrol increases
adiponectin [100], cAMP signaling [21], and AMPK activity [21], which contribute to
the inhibition of SREBP-1 [101], the transcription factor [102] that promotes hepatic
triglyceride synthesis and development of hepatic steatosis, a known instigator of
insulin resistance [103]. AMPK also suppresses hepatic glucose production and
stimulates glucose uptake in skeletal muscle [33]. It should be noted that protein
kinase A (PKA) also increases hepatic glucose production (dotted line). In a parallel
manner, Sirt1 also inhibits SREBP-1 [104] and stimulates AMPK activity and
adiponectin production [84].
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unmodified resveratrol in animals is no more than 3 puM
[42]. The serum level of unmodified resveratrol is low be-
cause most resveratrol in serum is conjugated to glucuro-
nide or sulfate [88]. One possible explanation for the efficacy
of resveratrol at such a low serum concentration is that the
intracellular levels of lipophilic compounds such as resver-
atrol could be significantly higher than serum levels.
Moreover, tissues such as skeletal muscle can express glu-
curonidases [89], which can potentially remove the conju-
gates and increase the tissue levels of resveratrol. The
concentration of resveratrol to which the liver is exposed
before its hepatic metabolism may be significantly higher
than that in systemic circulation. Because the metabolic
functions of almost all tissues are affected by hepatic status
(e.g., hepatic steatosis), it is likely that some of the effects
of resveratrol in peripheral tissues may be indirect effects of
the resveratrol-induced changes in the liver.

Concluding remarks

In addition to the metabolic and cardiovascular effects,
resveratrol treatment has an array of other benefits that
may contribute to its overall CR-mimetic effects; most
notably, anticancer and anti-inflammation effects [3].
The targets that mediate these effects have not been
identified. However, PDE4 inhibition also induces expres-
sion of the cell cycle inhibitors p21 and p27 and has
anticancer properties [90]. The well known anti-inflamma-
tory effects of PDE4 inhibition [61] may play a role in the
overall anti-inflammatory effects of resveratrol. However,
it is possible that numerous other potential resveratrol
targets such as cyclooxygenases 1 [91] and 2 [92], which
catalyze the first step in the synthesis of prostaglandins,
may also be involved.

Since the beneficial effects of resveratrol were first
recognized, much progress has been made in our under-
standing of the underlying biology. However, fundamental
questions such as what targets mediate the effects of
resveratrol and whether resveratrol affects Sirtl activity
remain controversial. The biochemical pathways that have
been proposed to mediate the beneficial effects of resvera-
trol are highly interconnected (Figures 2 and 4). Therefore,
traditional genetic strategies such as knock down or KO,
which can lead to an array of indirect effects, not only
within a cell but on tissue crosstalk, have limited utility in
pinpointing the role of resveratrol in each pathway. This
means that the precise mechanism of resveratrol action
may be difficult to elucidate with absolute clarity. Howev-
er, the timing of Sirt1 and AMPK activation may provide a
clue to the AMPK-Sirtl epistasis or hierarchy. Although
the timing differences between resveratrol-mediated acti-
vation of AMPK and Sirtl have not been carefully ana-
lyzed, resveratrol-mediated increase in cAMP precedes
both [21].

The next chapter in resveratrol biology that may be
more fruitful, at least for clinical application, is to recon-
struct the beneficial effects of resveratrol in humans with
small molecule inhibitors of proteins such as PDE4 that are
directly targeted by resveratrol. This new chapter may
have already begun. Shortly after the finding that inhibit-
ing PDE4 inhibition has an antidiabetic effect [21], it was
reported that the PDE4 inhibitor roflumilast, which was
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recently approved by the US FDA for treatment of chronic
obstructive pulmonary disease, unexpectedly lowered
fasting glucose by more than 1 mM in individuals with type
2 diabetes [93]. This provides a proof of principle that
identifying, and selectively targeting, the proteins that
mediate resveratrol- action may be an effective therapeutic
strategy, not only for type 2 diabetes but also for other
aging-related diseases.
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